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Abstract

Development of the eye can be subdivided into three phases. The first phase is the formation of the major structures of the eye by the
processes of induction and regional specification. The second is the maturation of these structures to form the functional eye, and the third
phase is the formation of neuronal connections between retina and the optic tectum. These processes are tightly regulated by signalling
cascades that direct axonal outgrowth, cellular proliferation and differentiation. Some members of these signalling cascades have been
identified in recent studies. These include secreted factors which transmit signals extracellularly, and receptors and transcription factors
which are members of intracellular signalling pathways that respond to extracellular signals. This review summarizes the recent research
that has implicated these factors in playing a role in eye development on the basis of functional or expression criteria. 1998 Elsevier
Science Ireland Ltd. All rights reserved
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1. Introduction

The development of the eye has long been studied using
classical embryological methods in the chick and in amphi-
bia. These experiments defined the interactions between
different tissues during the formation of eye structures;
however, they did not identify the molecules regulating
these processes. By far the most information has come
from the study of previously characterized molecules that
were found to have a functional role in aspects of eye devel-
opment, or which are suspected of having such a role
because of expression in the developing eye. Mouse suppli-
ers and a number of laboratories have identified more than
100 spontaneous mouse eye mutations (reviewed in Graw,
1996; see also Mouse Genome database 3.1 at URL: http://
www.informatics.jax.org/). Recently, large scale screens of
zebrafish have also led to a number of eye mutants (Heisen-
berg et al., 1996; Karlstrom et al., 1996; Malicki et al.,
1996). The responsible molecules for almost all the zebra-

fish mutants and many of the mouse mutants are unknown;
however, independently characterized genes have been cor-
related with other mutants on the basis of functional and
chromosomal location data (e.g. theSeymutant with the
Pax-6 gene). Another source of information are the
human eye syndromes. Positional cloning of the genes at
the mutated loci can confirm data from mouse models. From
all of these sources, many regulatory molecules have been
identified. These factors are described below.

2. Generation of early eye structures

A series of induction and regional specification events
generate the lens vesicle, double layered optic cup, optic
stalk and the precursor tissue of the cornea from an out-
pocketing of the forebrain neuroectoderm and the overlying
head ectoderm (see Fig. 1). This phase of eye morphogen-
esis can be subdivided into (1) the formation of the optic
vesicle, (2) the induction of the lens placode and subsequent
formation of the optic cup and lens vesicle. During these
developmental events, a third process restricts the retinal
fate to the optic vesicle and the optic cup.
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2.1. Formation of the optic vesicle

Regionalization of the neuroectoderm along the rostro-
caudal and proximo-distal axes begins soon after its forma-
tion. One of the first regions to be defined is the eye field in
the anterior neural plate. This region evaginates from the
forebrain during the neural folding process to become first
the optic pit then the optic vesicle. Evagination of the optic
vesicle is absent in mouse embryos that are null mutants of
the gene for the transcription factor Rx (Mathers et al.,
1997). The phenotype suggests that the regionalized speci-
fication of the lateral wall of the forebrain to the optic vesi-
cle fate requires the action of Rx protein. The expression of
Rx in two lateral patches in the anterior neural plate and
subsequently in the optic vesicles that develop from these
patches is consistent with this proposed function. Two other
transcription factors with a similar expression pattern to Rx
are Rax, a rat paired-domain-containing protein (Furukawa
et al., 1997a), and the T-box family member ET (Li et al.,
1997) cloned in chick andXenopus. These factors have yet
to be functionally characterized.

2.2. Formation of the lens vesicle and optic cup

When the optic vesicle makes contact with the overlying
ectoderm, it induces the contacted ectoderm to develop into
lens tissue. The induced ectoderm thickens to form the lens
placode, which then invaginates and is pinched off from the
rest of the ectoderm to form the lens vesicle. Simulta-
neously, the medial part of the optic vesicle narrows to
become a stalk-like structure and the lateral part is pushed
in, possibly because of lens placode invagination, to form
the bilayered optic cup (see Fig. 1). The three neural struc-
tures created by these processes, the inner layer of the optic
cup, the outer layer of the optic cup, and the optic stalk
develop into the neural retina, RPE and certain glial cell
populations of the optic nerve respectively.

The process of lens placode induction by the optic vesicle
is not fully understood in molecular terms, because the fac-
tor produced by the optic vesicle that triggers the signalling
cascade resulting in the induction event has yet to be iden-
tified. It is known that this inducing factor is secreted
because the insertion of a filter between the optic vesicle

Fig. 1. Schematic representation of eye development. Representation of the main embryonic stages E8.5 to E11.5 of mouse eye development. The boxed area
in the E10.5 eye diagram indicates the lens vesicle at the same stage as shown on the left in panel B. The boxed area shown in the retina of the E11.5 eye is
the same stage as shown in the left of panel A. (A) Differentiation of the neuroretina. PRL, photoreceptor layer; ONL, outer nuclear layer; OPL, outer
plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. (B) Differentiation of the lens. Embryonic days (E)10.5 to
15.5 depicted. The arrow seen in the E11.5 lens vesicle shows the direction of the FGF concentration gradient from high (left) to low (right).
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and the head ectoderm in explant assays still resulted in
lens-like structures and crystallin expression (Karkinnen-
Jaaskelainen, 1978). Null mutants of the gene for Lhx-2, a
LIM homeobox transcription factor expressed at the optic
vesicle stage, fail to develop the lens placode suggesting
that the lens induction factor normally secreted by the optic
vesicle is not made (Porter et al., 1997). Failure of lens pla-
code induction is also a feature of the naturalPax-6mutants,
Sey(Hogan et al., 1986, 1988; Hill et al., 1991),SeyNeu(Hill
et al., 1991) and the rat mutantrSey(Matsuo et al., 1993).
Pax-6, however, is also expressed in the presumptive lens
ectoderm and in the induced lens placode (Walther and
Gruss, 1991; Li et al., 1994). This pattern of expression
suggested that the Pax-6 protein is part of the mechanism
that allows the ectoderm to respond to a lens induction
signal from the optic vesicle. Explant recombination experi-
ments using homozygousrSey tissue and wild-type tissue
demonstrated that the homozygous ectoderm was unable to
respond to the induction signal, but that optic vesicles of
null mutant embryos could still induce the wild-type ecto-
derm to form lens tissue (Fujiwara et al., 1994). Moreover,
in chimeras of wild-type andSeyhomozygote embryonic
cells, theSeyhomozygote cells are excluded from the lens
placode (Quinn et al., 1996). In conclusion, these null
mutant studies suggest that Lhx-2 is part of the molecular
circuitry that regulates secretion of the lens inducing mole-
cule and that Pax-6 confers the ability to respond to the
secreted molecule to the overlying ectoderm.

Although the lack of a developing lens placode is the
major reason why optic cup development stops at the lens
induction stage in null mutantLhx-2 and Pax-6 mice and
rats, the absence of these factors in the optic vesicle itself
may be a contributing factor to the arrest of further devel-
opment. Heterozygote Sey mice display microphthalmia
(Hogan et al., 1986; Hill et al., 1991) as a result of haplo-
insufficiency. Another transcription factor which may play a
role in both development of the optic vesicle into the optic
cup and in lens induction is Gli-3 (Hui and Joyner, 1993;
Hui et al., 1994), which is expressed in E9.5 mouse optic
vesicles. Some homozygote embryos of the extra-toes nat-
ural mutant of Gli-3 fail to develop the lens placode and the
optic vesicle does not involute to form the optic cup (Franz
and Besecke, 1991).

2.3. Restriction of retinal fate to the optic cup

In normal development, the optic cup and the optic stalk
differentiate into the retina and the optic nerve tract, respec-
tively. The junction between the optic cup and the optic
stalk narrows to form the optic disc, through which the
retinal ganglion cell axons project. Recently, several factors
have been shown to prevent the optic stalk differentiating
into retinal tissue and establish the optic disc as the bound-
ary between the two tissues.

Sonic hedgehog (Shh) has been shown to be a key reg-
ulator of midline development. In theShh null mutant

mouse embryo (Chiang et al., 1996), the development of
midline structures was severely affected. This was also
seen in the cyclops mutant zebrafish embryo (Macdonald
et al., 1995), which lacks Shh expression. The consequence
for eye morphogenesis is that retinal development extends
so medially that the two retinas fuse to form one. Ectopic
Shh expression led to smaller optic cups and enlarged optic
stalks in the zebrafish (Macdonald et al., 1995) and actually
prevented both optic cup formation and Pax-6 expression in
the newt (Mizuno et al., 1997). Thus, high levels of Shh
protein seem to predispose optic vesicle tissue to an optic
stalk fate, and low or negligible levels allow optic vesicle
tissue to follow the retinal fate. This suggests that Shh-
mediated signalling represses optic vesicle cells from fol-
lowing retinal developmental pathways.

The paired domain transcription factor Pax-2 plays a
major role in establishing the boundary between the optic
vesicle and stalk. In both thePax-2 null mutant mouse
(Keller et al., 1994; Torres et al., 1996) and the zebrafish
mutant of thePax-2 equivalent, Noi (Macdonald et al.,
1997), there was a medial extension of RPE cells into the
optic stalk and a failure of the formation of the optic disc.
This results in the condition known as optic nerve colo-
boma. A heritable human optic nerve coloboma syndrome,
which is associated with renal anomalies and vesicouretral
reflux, has also been linked to mutations in thePAX-2gene
(Sanyanusin et al., 1995; Schimmenti et al., 1995). Pax-2 is
likely to be a member of the Shh-activated signalling cas-
cade regulating medial optic vesicle development. Strong
support for this notion has come from the finding that there
is no expression in optic tissue of Pax-2 in the Shh null
mutant mouse embryo (Chiang et al., 1996). Moreover,
ectopic expression of Shh in the zebrafish led to a lateral
extension of the expression domain of the Pax-2 equivalent,
Noi, that corresponded to the loss of the Pax-6-positive,
retina-fated tissue in the eye (Macdonald et al., 1995).
Together, these findings strongly suggest that Pax-2 is a
major component of the Shh-mediated signalling pathway
that restricts Pax-6 expression to the lateral portion of the
optic vesicle and subsequently to the optic cup. Another
transcription factor with a similar function to Pax-2 in
them optic stalk is Gli-3, whose natural mutant, extra-toes,
has optic nerve coloboma (Franz and Besecke, 1991).

Another influence on mediolateral specification of optic
structures is retinoic acid. Retinoic acid is synthesized from
the retinaldehyde by a dehydrogenase. One of these is
expressed only in the ventral retina of the zebrafish
(Marsh-Armstrong et al., 1994), resulting in an asymmetric
distribution of retinoic acid. This retinoic acid gradient is
also found in mice (Riddle et al., 1993). Inhibition of this
ventrally located enzyme leads to production of eyes lack-
ing ventral retinal structures such as the optic disc and also
the optic stalk (Marsh-Armstrong et al., 1994). These
defects were also observed in embryos whose mother was
starved of the retinoic acid precursor, Vitamin A (Warkany
and Schraffenberger, 1946). Application of exogenous reti-
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noic acid to zebrafish optic cups causes increased cellular
proliferation in the optic stalk and even induces ectopic
optic discs (Hyatt et al., 1996b) and Noi expression is
found in the entire retina.

3. Maturation of eye structures

After their formation, the primary structures differentiate
into their mature form. Neuronal and glial cell types are
generated from the cells of the inner optic cup layer. The
outer layer of the optic cup forms the retinal pigmented
epithelium (RPE). The lens vesicle matures into the lens
and the ectoderm overlying the lens develops into the cor-
nea. Mesenchymal cells of neural crest origin surrounding
the developing eye migrate and differentiate into the iris,
sclera, ciliary body and lachrymal gland.

3.1. The lens

Lens vesicle development differs regionally (reviewed in
Piatigorsky, 1981; Wride, 1996; illustrated in Fig. 1B).
Cells of the posterior side of the vesicle facing the retina
differentiate into primary fibre cells. These cells elongate,
synthesize crystallin and lose their nucleus. The anterior
side of the lens vesicle adjacent to the developing cornea
remains epithelial. While cells in the center of the epithe-
lium become quiescent, the cells in the equatorial zone on
the margins of the lens epithelium continue to proliferate
and some of these cells differentiate into secondary fibre
cells. The secondary fibre cells augment the primary fibre
cells during development. This pattern of quiescence, pro-

liferation and differentiation suggested that the vitreous
humor between the retina and the developing lens could
induce the lens epithelial cells to form secondary fibre
cells. Reversing the lens so that the lens epithelium faced
the vitreous humor confirmed this hypothesis (Coulombre
and Coulombre, 1963). Since then, a number of secreted
factors found in the vitreous humor have been implicated
in lens development (see Table 1).

FGF-1 (aFGF) and FGF-2 (bFGF) are major regulators of
lens differentiation. An elegant explant experiment (McA-
voy and Chamberlain, 1989) found that lower concentra-
tions of FGF stimulated proliferation, similar to the
marginal cells phenotype and higher concentrations induced
differentiation into secondary fibre cells. Thus, FGF affects
lens epithelial cells in a concentration dependent way (illu-
strated in Fig. 1). Additionally, FGF reduces apoptosis in
secondary fibre cells (Chow et al., 1995). Consistent with
these findings was a study of a transgenic mouse line that
expressed a dominant negative form of FGF receptor type I
(FGFR1). Mice exhibited a reduction in the number of
epithelial cells and characteristic signs of apoptotic degen-
eration of fibre cells (Robinson et al., 1995). PDGF, another
secreted factor, is strongly expressed in the iris and ciliary
body, close to the equatorial zone of the lens and in the
corneal endothelium. It was shown to maintain rat lens
transparency and growth in organ culture (Brewitt and
Clark, 1988). Over-expression of the PDGF-A isoform
under the control of theaA-crystallin promoter in trans-
genic mice leads to an increase of cellular proliferation,
and also differentiation to form fibre cells (Reneker and
Overbeek, 1996). Mice homozygous for the natural muta-
tion of the PDGF-A receptor, Patch, have a decreased num-

Table 1

Regulators of lens development

Molecule Lens
type

Species Expression Function Reference

Eya.1 TF Mo Lens placode, vesicle ns Xu et al., 1997
FGF-1 SL Mo, rat Lens placode, transitional zone Proliferation at lower levels,

differentiation at higher levels
McAvoy and Chamberlain, 1989; Robinson et
al., 1995; deIongh and McAvoy, 1993; Lovicu
et al., 1997

FGF-2 SL Mo, rat NR, cornea, ciliary body and iris Proliferation at lower levels,
differentiation at higher levels

McAvoy and Chamberlain, 1989; Robinson et
al., 1995; Lovicu et al., 1997

IGF-1 SL Ch, Mo Promotes differentiation Beebe et al., 1987
IGF-2 TF Ch, Mo Promotes differentiation Beebe et al., 1987
Pax-6 TF Ch, Mo All lens cells Implicated in induction of crystallin

gene expression
Hogan et al., 1986; Hill et al., 1991; Walther
and Gruss, 1991; Li et al., 1994; Grindley et
al., 1995; Hirsch and Harris, 1997; Macdonald
and Wilson, 1997

PDGF-A SL Mo Iris and ciliary body Proliferation, maintenance of cell
transparency

Brewitt and Clark, 1988; Morrison-Graham
et al., 1992

Prox-1 TF Ch, Mo Lens placode ns Oliver et al., 1993; Tomarev et al., 1996
Six-3 TF Mo Lens placode Induces crystallin expression? Oliver et al., 1995; Oliver et al., 1996
Sox-1 TF Mo Fibre cells Required for g-crystallin expression Nishiguchi et al., 1998
Sox-2 TF Ch, Mo Lens placode, all lens cells Implicated in induction of a and

d crystallin gene expression
Kamachi and Kondoh, 1993; Kamachi et al.,
1995

Sw3-3 TF Ch Lens placode, all lens cells ns Wang and Adler, 1994

SL, secreted ligand; TF, transcription factor; Ch, chick; Mo, mouse; NR, neural retina; ns, not yet studied.
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ber of lens fibre cells (Morrison-Graham et al., 1992), which
is consistent with the opposite effect observed in the PDGF
overexpression experiment. IGF-1 has been shown to stimu-
late lens fibre differentiation (Beebe et al., 1987). This fac-
tor is expressed in the neural retina (Hernandez-Sanchez et
al., 1995). Null mutant BMP-7 mice impaired lens develop-
ment, suggesting a trophic role for this molecule (Dudley et
al., 1995; Luo et al., 1995). BMP-7 is expressed in both the
lens vesicle and the retina, and earlier in the head ectoderm
and the optic vesicle. So far, the reverse experiment (ectopic
expression of BMP-7 or addition of exogenous BMP-7) has
not been reported.

Pax-6 protein plays a role in the induction of the expres-
sion of crystallins in the developing lens at the stage of the
placode and the lens vesicle. So far, Pax-6 has been shown
to bind to the promoter sequences of the mouseaA-crystal-
lin gene (Cvekl et al., 1994), the mouseaB-crystallingene
(Gopal-Srivastava et al., 1996), thez-crystallin gene in gui-
nea-pig (Richardson et al., 1995) and of thed1-crystallin
gene in chicken (Cvekl et al., 1995). Moreover, ectopic
expression of Pax-6 induced the expression ofbB1-crystal-
lin in the ectoderm ofXenopusembryos and also the for-
mation of lens-like structures (Altman et al., 1997). These
studies suggest that Pax-6 plays a major role in regulating
crystallin gene expression. Pax-6 most likely acts in concert
with other transcription factors such as Six-3 (Oliver et al.,
1995), Sox-1 (Nishiguchi et al., 1998), Sox-2 (Kamachi and
Kondoh, 1993; Kamachi et al., 1995) and Eya-1 (Xu et al.,
1997) in lens competent ectoderm during lens induction.
The expression of these factors is likely to be mediated by
lens induction as well as Pax-6, because these factors are not
expressed in the ectoderm during the earlier period of wide-
spread Pax-6 expression in the head ectoderm. Ectopic
expression of mouse Six-3 in the killifish medaka leads to
formation of crystallin-expressing lens like structures exclu-
sively within otic placodes which normally develop into the
internal ear. Thus ectopic expression of Six-3 in the otic
placode can change the fate of the cells to become the
lens (Oliver et al., 1996). It is of interest that another mem-
ber of the Pax family, Pax-2, is expressed in the otic placode
during development (Nornes et al., 1990; Torres et al.,
1996). This could suggest that the action of Six-3 could
involve interactions with Pax-6 in the lens placode.
Although two splice variants ofSix-3are known (Kawakami
et al., 1996), it is not known which one is expressed in the
lens placode. Sox-1, a Sry-related transcription factor, has a
later role in lens development. Mice that are null mutant for
Sox-1 expressed nog-crystallin protein (Nishiguchi et al.,
1998) with consequent changes in fibre cell morphology.
Moreover, Sox-1 binding sites were found on the upstream
promoter and enhancer sequences of theg-crystallin genes.
Another Sox factor, Sox-2 (also known asdEF2a) has been
shown to bind thed1-crystallin enhancer region (Kamachi
and Kondoh, 1993; Kamachi et al., 1995). Overexpression
of this factor increasesd1-crystallin enhancer activity in
lens cells, but not in fibroblast cells (Kamachi et al., 1995)

supporting previous observations that this stimulation
depends on a lens-specific group of factors (Kamachi and
Kondoh, 1993). Moreover, overexpression of Sox-2 is also
able to enhance the mouseaA-crystallin promoter (Kama-
chi et al., 1995). Thus, this gene may be part of the common
regulatory pathway for crystallin genes. The third transcrip-
tion factor which first appears soon after lens placode induc-
tion is Eya-1 (Xu et al., 1997), a member of the mouse Eya
gene family which are homologues of theDrosophilaeye
absent gene.

The withdrawal of differentiating lens fibre cells from the
cell cycle appears to be regulated in part by the Rb (retino-
blastoma) gene (Morgenbesser et al., 1994). Mouse
embryos deficient for Rb had deficiencies in lens fibre cell
differentiation due to non-withdrawal from the cell cycle
prior to differentiation. Moreover, lens fibre cells underwent
the process of apoptosis, which is normally limited to the
lens epithelial cell population (Ishizaki et al., 1993). This
apoptosis is p53-mediated, because it was not seen in Rb/
p53 double null mutant embryos. Thus, when the normal
withdrawal from the cell cycle does not occur during lens
cell differentiation, a p53-dependent pathway apoptoses
these cells.

3.2. Specification of neural retinal and retinal pigmented
epithelium (RPE) fates

The optic cup consists of an inner and outer layer which
develop into the neural retina and retinal pigmented epithe-
lium (RPE), respectively. A number of molecules have been
implicated in the specification and survival of the neural
retina and the retinal pigmented epithelium (see Table 2).
FGF-1 (acidic FGF) and FGF-2 (basic FGF) have been
shown in a number of studies to induce RPE to generate
neural retinal tissue after the neural retina had previously
been removed (Park and Hollenberg, 1989; Pittack et al.,
1991; Guillemot and Cepko, 1992; Zhao et al., 1995).
Implantation of FGF-2 soaked beads medially to the chick
optic cup induced the presumptive RPE to undergo neuronal
differentiation resulting in two neural retinal layers (Pittack
et al., 1997). Removal of the surface ectoderm and devel-
oping lens structures results in severely impaired neural
retina development but this effect could be rescued by the
implantation of FGF-1 (acidic FGF) secreting cells over the
optic cup (Hyer et al., 1998). Another molecule with a puta-
tive trophic role is BMP-7; the proper development of both
retinal layers is impaired in null mutant mice (Dudley et al.,
1995; Luo et al., 1995). Analysis of this null mutant pheno-
type is complicated by the fact that BMP-7 is expressed in
the developing lens (lens placode and lens vesicle), the
developing retina (optic vesicle, optic cup and the neural
retina), and also in the embryonic ectoderm. Trophic sup-
port for neural retina development is also provided by the
RPE; RPE ablation by targeted expression of diphtheria
toxin arrested neural retina development and prevented for-
mation of the vitreous humor (Raymond and Jackson,
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1995). This trophic role of the RPE is mediated partly by the
neurotrophins BDNF and NT-3. NT-3 is required for the
survival of differentiated neural retinal cells (Bovolenta et
al., 1997) and BDNF has a trophic role for retinal ganglion
cells (Frade et al., 1997). Another neurotrophic factor
expressed in the RPE is PEDF (Steele et al., 1993). Regula-
tion of RPE differentiation is less known. Mice that are
homozygous for mi, the natural mutation of the transcription
factor gene MITF, have impaired RPE development and
resultant eye defects (Hertwig, 1942; Hodgkinson et al.,
1993). Moreover, a mutation in this gene causes Waarden-
burg syndrome type-2 in humans (Tassabehji et al., 1994).
Expression of the dominant negative form of trkB, the
receptor for BDNF, resulted in RPE degeneration in later
development (Liu et al., 1997). This finding suggested an
autocrine mechanism since BDNF is only expressed in the
RPE, not in neighbouring tissues.

3.3. The neural retina

During neural retina development, postmitotic cells gen-
erated in the germinative layer migrate laterally to form the
striated, laminar pattern of the retina (Fig. 1A). They differ-
entiate into either neuronal or Mu¨ller glial cells. Neuronal
cells are also subdivided into three different classes: light-
sensitive photoreceptor neurons (cones and rods), interneur-
ons (bipolar, horizontal and amacrine neuron cells) and the
retinal ganglion cells (RGC). Like many neural tissues, the
different cell types are generated at different stages of
development. The RGC appear first and the photoreceptors
appear last. The astrocytes present in the retina are not
produced by this process, but are descendants of immigrant
cells (Watanabe and Raff, 1988) which may be chemotacti-
cally attracted from the optic nerve by PDGF secreted from
RGC and the retinal capillaries (Fruttiger et al., 1996). Ana-
lysis of clones derived from single progenitor cells that were
labelled with a LacZ-transducing replication-defective ret-
rovirus, showed that the progenitor cells gave rise to several
types of retinal cells and could contain both neurons and glia
(Turner and Cepko, 1987; reviewed in Cepko et al., 1996).
Clones of retinal cells labelled at later stages had only the
later arising cell types. Neural retina development is regu-
lated by a number of signals that promote terminal differ-
entiation of germinative layer cells and by mitogenic signals
that inhibit this differentiation. This competition between
the two functional types of signals is needed to retain
enough progenitor cells to generate the full range of cell
types seen in the neural retina.

The signals that promote differentiation are secreted
ligands (reviewed in Cepko et al., 1996; Harris, 1997; see
Table 2 for description of expression and function). All
these ligands, except for IGF-1 and NT-3, promote specific
cell type fates. IGF-1 and NT-3 induce unbiased differentia-
tion of mitotic cells into all cell types (Bovolenta et al.,
1996; Frade et al., 1997). Interestingly, some ligands are
expressed in previously generated neuronal cell types.

CNTF and LIF, which repress the rod photoreceptor fate,
are expressed in Mu¨ller glia, amacrine and horizontal cells
(Fuhrmann et al., 1995; Neophytou et al., 1997), and Shh is
expressed in RGC (Levine et al., 1997). Thus, the appear-
ance of later generated cell types could well depend on the
presence of earlier differentiated cell types. Ligand func-
tions were investigated using in vitro explant and disso-
ciated culture assays, except for a NT-3 study which
involved the application of antibodies in vivo (Bovolenta
et al., 1996). At the transcriptional level, the function of
Crx, Chx-10, NeuroD and Pou4f-has been studied. Retro-
virally-mediated overexpression of Crx, normally expressed
only in photoreceptors, in clonal descendants derived from
single infected mitotic cells in mouse retinas resulted in an
increase in clones containing only rod photoreceptors and
reduced the frequency of clones containing amacrine cells,
interneurons and Mu¨ller glial cells (Furukawa et al., 1997b).
Additionally, presumptive photoreceptor cells expressing a
dominant-negative form of Crx failed to fully mature (Fur-
ukawa et al., 1997b). Mutations in this gene have been
associated with cone-rod dystrophy in humans (Freund et
al., 1997). In cone-rod dystrophy, the natural mutant of Chx-
10, bipolar cells do not differentiate (Truslove, 1962; Bur-
meister et al., 1996). Thus, Chx-10 activity mediates the
specification of the bipolar cell fate. In null mutants of the
gene for Pou4f-2, a large proportion of retinal ganglion cells
are missing, suggesting that the protein is required for dif-
ferentiation of some RGCs (Gan et al., 1996). Forced
expression of NeuroD promotes differentiation of all neu-
roectoderm cells, including neural retina cells (Lee et al.,
1995). Like NeuroD, Mash-1 is expressed only in postmi-
totic neural retina cells (Guillemot and Joyner, 1993). Ret-
inal explants of Mash-1 null mutant newborn mice exhibited
lower numbers of later-generated neural retinal cell types
than in wild-type explants (Tomita et al., 1996b). A number
of other transcription factors are expressed in either mitotic
or differentiated cell types (see Table 2), but have yet to be
functionally analysed.

The inhibitory mechanism that preserves a pool of mitotic
progenitor cells is mediated, at least in part, by the Delta-
Notch-1 signalling molecules. Ectopic expression of Notch-
1 receptor inXenopusretinas impaired retinal differentia-
tion (Dorsky et al., 1995). Similarly, retrovirally-mediated
expression of constitutively-active Notch-1 receptor in iso-
lated cells of embryonic chick and postnatal rat retinas led to
clones of undifferentiated cells (Austin et al., 1995; Bao and
Cepko, 1997). However, progenitor cells infected with the
dominant-negative form of Notch-1 gave rise to a normal
number of descendants with the normal range of cell types
(Bao and Cepko, 1997). When chick retinas were infected
with Delta-transducing retrovirus before generation of the
first neurons, infected cells remained mitotic and did not
differentiate if they were surrounded by other infected
cells (Henrique et al., 1997). Similar findings were made
when cells expressing Delta membrane-bound ligand were
added to dissociated cultures of chick retinas (Austin et al.,
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1995) and whenXenopus retinal cells constitutively
expressed Delta (Dorsky et al., 1997). However, isolated
cells misexpressing Delta differentiate into cell types that
arise earlier in development (Dorsky et al., 1997; Henrique
et al., 1997). Germinative layer retina cells infected with
retroviruses transducing the dominant-negative form of
Delta all differentiated (Henrique et al., 1997). Thus,
Delta-Notch-1 signalling controls the ability of cells to
respond to inductive signals, by instituting a degree of lat-
eral inhibition in the germinative cell layer. At the transcrip-
tional level, HES-1, a bHLH factor, has been shown to
repress differentiation of neural retinal cells (Tomita et al.,
1996a). Retrovirally-mediated overexpression of HES-1 in
organ cultures of mouse and rat retinas prevented differen-
tiation into the normal cell types. In null-mutant mice,
rosette structures formed instead of laminae containing
photoreceptors, and horizontal cells, ganglion cells and
amacrine cells, but no bipolar cells.

3.4. Other eye structures

The other structures of the eye include the cornea, iris,
ciliary body and the sclera. The cornea results from the
induction of the ectoderm overlying the developing lens to
secrete extracellular matrix molecules which allow the
immigration of neural crest-derived mesenchymal cells.
These cells form the corneal endothelium (reviewed in
Hay, 1979). The iris and the ciliary body develop from the
region on the outer lip of the optic cup where the prospective
neural and pigmented retinal layers meet. Neural crest-
derived mesenchymal cells also populate the developing
iris. The sclera develops from the mesenchymal tissue sur-
rounding the developing eye. Phenotypic analysis of some
mouse mutants have found abnormal development of these
structures. Pax-6 has a crucial role in both iris and cornea
development which is sensitive to gene dosage (see below).

Hypoplasic irises (aniridia) are found in heterozygous
Sey (Pax-6 mutant) mice (Hogan et al., 1986; Hill et al.,
1991). It is significant that the posterior layer of the iris is
formed by cells from the rim of the optic cup, which
expresses Pax-6. The failure of these cells to migrate and
differentiate is possibly the cause of the defect. The aniridia
syndrome also occurs in humans as a result of mutations at
the PAX-6 locus (Ton et al., 1991; Glaser et al., 1992;
Jordan et al., 1992). After the migration of the cells, Otx1
is expressed in the developing iris and the ciliary body.
(Boncinelli et al., 1993; Simeone et al., 1993).Otx1 null
mutants have impaired development of the iris and agenesis
of the ciliary process (Acampora et al., 1996). Proper iris
development requires the action of transforming growth
factor a (TGFa). Loss of function of this secreted factor
or of its receptor resulted in the arrest of iris development
(Luetteke et al., 1993, 1994).

The cornea develops from ectodermal tissue that forms
over the lens after its formation and which expresses Pax-6
(Walther and Gruss, 1991). This is thought to be the result of

an induction event (Hay, 1979). Normal cornea develop-
ment requires the correct dosage ofPax-6; opaque corneas
are found in heterozygous Sey mice (Hogan et al., 1986; Hill
et al., 1991). Mutations in one PAX-6 gene are also asso-
ciated with the human syndrome for opaque corneas, Peter´s
anomaly (Hanson et al., 1994). TGF has been shown to have
a role in formation of the corneal endothelium and stroma.
In null targeted and natural (Waved-1) mutants, the cornea
failed to completely separate from the anterior of the lens
accompanied by the arrest of iris development (Luetteke et
al., 1993). This is consistent with the phenotype observed in
mice homozygous forWaved-2, the natural mutant of the
gene for TGFa’s receptor EGFR (Luetteke et al., 1994).
Overexpression TGFa using the aA-crystallin promoter
(Decsi et al., 1994; Reneker et al., 1995) resulted in
mesenchymal cells accumulating perilenticularly. Thus,
TGFa may be a chemoattractant for those mesenchymal
cells that form the corneal endothelium and elements of
the iris. PDGF may play a similar role. Loss of function
mutants for the PDGF receptor failed to develop the neural
crest derived structures in the eye, such as the corneal
endothelium and the sclera (Morrison-Graham et al., 1992).

4. Outgrowth of retinal ganglion cell axons from the
retina to the optic tectum

Light is detected by rod and cone photoreceptor cells and
the resultant visual information is ultimately conveyed by
the axons of the retinal ganglion cells from the retina to the
optic tectum. The guidance of these axons during their out-
growth from the retina and the spatially-related matching of
these axons to their neuronal targets in the tectum has long
been studied in cellular terms. Molecules that influence the
two processes have been identified in the last decade and
these are listed in Table 3.

4.1. Formation of the optic nerve

The optic nerve contains, as well as RGC axons, three cell
types: oligodendrocytes, Type I and Type II astrocytes
(reviewed in Barres and Raff, 1994). These cells play a
supportive role for the optic nerve axons. The oligodendro-
cytes and the Type II astrocytes both differentiate from the
O-2A cell type (Temple and Raff, 1985, 1986), which
migrates into the optic stalk from the optic chiasm (Small
et al., 1987). The Type 1 astrocytes, which may be des-
cended from optic stalk cells (Small et al., 1987), promote
mitosis and motility of O-2A cells in vitro (Raff et al.,
1985). Moreover, addition of antibodies to Type I astro-
cyte-conditioned medium prevents rat O-2A cell division
in vitro (Raff et al., 1988). These processes are influenced
by a number of secreted factors (see Table 3). Type 1 astro-
cytes secrete PDGF which is a mitogen and chemoattractant
for O-2A cells (Noble et al., 1988; Raff et al., 1988). CNTF
promotes the differentiation of O-2A cells into oligodendro-
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cytes and Type II astrocytes (Hughes et al., 1988). Other
factors which have been shown to influence the differentia-
tion pathway are LIF (Mayer et al., 1994) and NT-3 (Barres
et al., 1993; Barres et al., 1994). Once these cells are differ-
entiated, axons from the retina project down the optic nerve.

Netrin-1 and its receptor Dcc have been shown to direct
retinal ganglion cell axons through the optic disc (Deiner et
al., 1997). RGC axons fail to grow through the optic disc of
both Netrin-1 and DCC null mutant mice. Moreover,
Netrin-1 promotes neurite extension of RGCs in a dose-
dependent manner. This effect is abolished by application
of antibodies to DCC, suggesting that DCC is Netrin-1’s
only receptor. At the level of transcriptional regulation,
the transcription factor, Chx-10 has also been shown to
have a role in retinal axonal projections into the optic
stalk. In the natural mutant,or, ganglion cell axons fail to
project through the optic disc into the optic stalk and instead
stay between the neural retina and the RPE (Truslove, 1962;
Burmeister et al., 1996). This suggests that, in mutants,

retinal ganglion cells have no way of recognizing cues in
the optic stalk. FGF-2 (basic FGF) has been shown to play a
chemotactic role in the outgrowth of RGC axons, at least in
Xenopus. The protein is expressed along the optic nerve
(McFarlane et al., 1995). Application of FGF-2 promotes
neurite outgrowth and application of exogenous FGF-2 can
divert RGC axons from the pathway (McFarlane et al.,
1995). Expression of dominant-negative FGF receptors led
to slower rates of axonal extension and also caused the
axons to miss the tectum (McFarlane et al., 1996). The
FGF-2 molecules could found to be bound to heparan sul-
fate side-chains of a particular form of perlecan variant that
specifically binds FGF-2. Exogenous application of the
heparan sulfates disrupt the axons entering the tectum
(Walz et al., 1997). Digestion of these heparan sulfates
with heparitinase impaired axonal elongation, and causes
the axons to miss the tectum (Walz et al., 1997).

Outgrowth of optic nerve axons proceeds to the optic
chiasm, where axons either project along an ipsilateral

Table 3

Regulators of optic nerve formation and retino-tectal projection

Molecule Retino-
tectal
type

Species Expression Function Reference

BF-1 TF Ch, rat N→ T gradient in retina Regulates RGC naso-temporal positional
identity

Hatini et al., 1994;
Yuasa et al., 1996

BF-2 TF Ch, rat T→ N gradient in retina Regulates RGC naso-temporal positional
identity

Hatini et al., 1994;
Yuasa et al., 1996

CNTF SL Mo, rat Type 1 astrocytes Induces O-2A cells into oligodendrocytes
and Type II astrocytes

Hughes et al., 1988

DCC R Mo RGC axons Receptor for Netrin, axonal outgrowth,
guidance in optic disc and nerve

Deiner et al., 1997

En-1 TF Ch, Mo P→ A gradient in optic tectum Regulates optic tectum antero-posterior
positional identity

Friedman and O’Leary, 1996;
Itasaki and Nakamura, 1996

En-2 TF Ch, Mo P→ A gradient in optic tectum Regulates optic tectum antero-posterior
positional identity

Friedman and O’Leary, 1996;
Itasaki and Nakamura, 1996

Eph-A3 R Ch, Mo T→ N gradient in retina RGC axon guidance in optic tectum Cheng et al., 1995
Eph-B2 R Ch V→ D gradient in optic tectum ns Braisted et al., 1997
Ephin A2 BL Ch, Mo P→ A gradient in optic tectum RGC axon guidance in optic tectum Cheng et al., 1995;

Nakamoto et al., 1996
Ephrin A5 BL Ch, Mo P→ A gradient, not in extreme

posterior tectum
RGC axon guidance in optic tectum Frisen et al., 1998

Ephrin B1 BL Ch, Mo D→ V gradient in retina ns Braisted et al., 1997
FGF-2 SL* Xe Optic nerve and chiasm Axonal outgrowth, guidance in optic nerve McFarlane et al., 1995;

Walz et al., 1997
LIF SL rat Type 1 astrocytes Induces O-2A cells into oligodendrocytes

and Type II astrocytes
Mayer et al., 1994

Netrin SL Mo Optic disc, optic nerve Axonal outgrowth, guidance in optic disc
and nerve

Deiner et al., 1997

NT-3 SL Mo Type 1 astrocytes Induces O-2A cells into oligodendrocytes
and Type II astrocytes

Barres et al., 1993, 1994.

Pax-2 TF Mo Optic stalk, optic chiasm Specification of optic nerve tract and optic
chiasm

Torres et al., 1996

PDGF SL Mo, rat Optic stalk Chemoattractant and mitogen for O-2A cells Raff et al., 1988;
Noble et al., 1988

Radar SL Ze D→ V gradient in retina ns Rissi et al., 1995
Wnt-7b SL Mo D→ V gradient in retina ns Parr et al., 1993

BL, membrane bound ligand; SL, secreted ligand; TF transcription factor; Ch, chick; Mo, mouse; Xe,Xenopus; Ze, zebrafish; GCL, ganglion cell layer; INL,
inner cell layer; NR, neural retina; ns, not yet studied; RGC, retinal ganglion cell; A, anterior; D, dorsal; N, nasal; T, temporal; V, ventral.
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tract to the optic tectum or cross the midline and project
along the contralateral tract (reviewed in Mason and Sreta-
van, 1997). The percentage of RGC axons that cross the
midline and those that do not vary between the vertebral
classes. Cells of the chiasm are able to distinguish between
axons fated to cross the midline and those that do not. A
study of the axonal outgrowth from retinal explants found
that axons from the ventrotemporal region of the retina,
which stay ipsilateral in vivo, were repulsed by chiasm mid-
line cells, while axons from other regions could extend
through this line of cells (Wang et al., 1995). A critical
role in optic chiasm development has been found to be
played by Pax-2. Null mutant Pax-2 mice (Torres et al.,
1996) and Noi mutant zebrafish (Macdonald et al., 1995)
have abnormal chiasm formation in which the optic nerve
axons are totally prevented (mouse) or mostly prevented
(zebrafish) from projecting across the midline into the con-
tralateral optic tract. It is significant that the region fated to
become the chiasm does not express Shh in normal embryos
but does in Pax-2 null mutants. This suggests that Shh may
induce the expression of a surface molecule that is a barrier
to optic axon projection and that the suppression of Shh
expression in the chiasm region by Pax-2 prevents expres-
sion of this barrier molecule, thus permitting contralateral
projections of optic axons.

5. Regulation of spatial relationships between retinal
ganglion cell axons and their targets in the optic tectum

Visual information is spatially related, so the connections
between the retinal ganglion cells and the cells of the optic
tectum are similarly spatially-related. In the chick, topogra-
phical maps of neuronal connectivity have been well docu-
mented by heterotopic grafting experiments (reviewed in
Sanes, 1993; Kaprielian and Patterson, 1994). For example,
retinal ganglion cell axons of the temporal part of the retina
project to the anterior part of the optic tectum and those
from the nasal region of the retina innervate the caudal
tectum. Matching of axons to their targets is postulated to
be mediated by distributions of surface molecules in the
retina, retinal axons and in the tectum that confer positional
‘addresses’ to cells in both the retina and the optic tectum
(Sperry, 1963). In recent years, a number of molecules
whose expression and/or function are consistent with Sper-
ry’s model have been identified (see Table 3).

The ephrin class of membrane-linked ligands and their
Eph-class receptors have expression gradients and regulate
the direction of axonal outgrowth in a number of tissues
(reviewed in Gale and Yancopoulos, 1997; Pasquale,
1997; Sefton and Nieto, 1997). Ephrin-A2 (ELF1) is
expressed in a high posterior to low anterior gradient in
the tectum (Cheng et al., 1995) and one of its receptors,
EphA3 (Mek4) is expressed in a high temporal to low
nasal gradient (Cheng et al., 1995). When ephrin-A2 is
ectopically expressed using RCAS expression vectors in

the anterior tectum of the chick, the temporal RGC axons
avoided the ephrin-A2 positive patches (Nakamoto et al.,
1996). Moreover, axons from cultured temporal RGCs
avoided stripes of membranes prepared from ephrin-A2,
keeping to membrane stripes prepared from control cells
(Nakamoto et al., 1996). Ephrin-A5 (Al-1/RAGS) has a
similar gradient of expression, but in this case the higher
concentration penetrates further anteriorly in the tectum and
is absent from the most posterior edge of the tectum
(Drescher et al., 1995; Frisen et al., 1998). In ephrin-A5
null mutant mice, nasal RGC axons projected to the poster-
ior margin in the optic tectum and also to the inferior col-
liculus, which expresses ephrin-A5 but not ephrin-A2
(Frisen et al., 1998). At the level of transcription, antero-
posterior tectal cell identity is regulated at a transcriptional
level by the En factors (Friedman and O’Leary, 1996; Ita-
saki and Nakamura, 1996). Ectopic expression in the chick
tectum using RCAS retroviral vectors resulted in innerva-
tion of the tectum by nasal RGC axons at inappropriately-
anterior locations with ectopicEn gene expression, while
temporal axons often did not innervate the tectum at all.
Similarly, the winged helix transcription factors, BF-1 and
BF-2, display complementary expression gradients in the
retina along the naso-temporal axis (Hatini et al., 1994;
Yuasa et al., 1996). Temporal expression (by using a retro-
viral vector), of chick BF-1, which is normally expressed in
the nasal retina, resulted in the axons of the temporal gang-
lion cells projecting to the caudal tectum instead of the
rostral tectum (Yuasa et al., 1996). Nasal expression of
chick BF-2, which is normally expressed in the temporal
retina, resulted in the axons of the nasal ganglion cells pro-
jecting to the rostral tectum instead of the caudal tectum
(Yuasa et al., 1996). Thus, the level of expression of these
two factors gives the individual retinal ganglion cells posi-
tional identity along the naso-temporal axis.

Similar molecules exhibit dorso-ventral expression gra-
dients in the retino-tectal system. EphB2 (Cek5/Sek3) is
found in a high ventral to low dorsal expression gradient
in RGC and one of its ligands, ephrin-B1 (LERK2), is
expressed in a high dorsal to low ventral concentration gra-
dient in the chick optic tectum (Braisted et al., 1997). The
secreted factors Wnt-7b (Parr et al., 1993) and radar, a novel
TGFb family factor (Rissi et al., 1995), are expressed in a
high dorsal to low ventral gradient in the mouse and the
zebrafish, respectively. No functional studies have yet been
published for these molecules, and transcription factors with
these patterns of expression have yet to be identified.

6. Conclusions and perspectives

The mechanisms that regulate eye development vary
according to developmental stage and tissue. Early devel-
opment of eye structures is characterized by mediolateral
interactions that generate the neural structures and by the
induction of the lens placode. Three transcription factors
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Rx, Lhx-2 and Pax-6 are known to be crucial to this phase.
Later development is characterized by reciprocal interac-
tions between the different tissues. Normal development
of the retina requires normal development of the lens and
vice versa. The same is true for the development of the
neural retina and the retinal pigmented epithelium. These
interactions are mediated by secreted ligands such as FGF-
1, FGF-2, PDGF and the neurotrophins. Lens development
is primarily regulated by secreted ligand gradients between
the anterior and posterior of the lens. Higher concentrations
of the ligands result in proliferation of the normally quies-
cent lens epithelial cells and even higher concentrations
result in the induction of differentiation into lens fibres.
Correct generation of retinal cell types is ensured by com-
petition between secreted ligands that induce differentiation
and Delta-Notch-1 signalling that mediates the inhibition of
differentiation. Thus, enough progenitor cells are retained
by this competition for the generation of later cell types. The
formation of neuronal connections is characterized firstly by
the formation of nerve tracts with cell types that support
axonal extension, secondly, the outgrowth of RGC axons
from the retina to the tectum, and thirdly, the positionally-
based matching of RGC axons to their tectal cell targets.
Formation of neuronal connections is regulated by concen-
tration gradients of secreted, transcriptional regulator and
surface molecules.

Many members of the signalling cascades which direct
eye development have yet to be identified. The challenge in
future research is to identify these members and dissect the
signalling cascades involved. A significant step in the iden-
tification of novel regulatory elements has come from the
recent zebrafish genetic screens, which employed chemical
mutation of the genome. These have resulted in one optic
vesicle formation mutant (Heisenberg et al., 1996); three
new cyclopia mutants (Malicki et al., 1996); three mutants
with pigmentation, defects (Malicki et al., 1996), seven
neural retina mutants (Malicki et al., 1996), 23 mutants
with either growth retardation or retinal degeneration (Mal-
icki et al., 1996), one optic coloboma mutant (Karlstrom et
al., 1996) and 19 retinal ganglion cell axon pathfinding
mutants (Karlstrom et al., 1996). While the mutated genes
have yet to be, or are being in the process of being position-
ally cloned, the generation of the mutants themselves sug-
gest the later identification of many more members of
regulatory pathways that control eye development. More-
over, the generation of null mouse mutants for novel genes
expressed in the developing eye will identify other novel
molecules that control eye development. Thus, research
using the different vertebrate model organisms, each with
their own strengths, will contribute to a greater understand-
ing of vertebrate eye morphogenesis.
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